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Influence of residual stress on thermal expansion behavior

X.-L. Wang,® C. M. Hoffmann, C. H. Hsueh, G. Sarma, C. R. Hubbard,
and J. R. Keiser
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6064

(Received 17 August 1999; accepted for publication 20 Septembep 1999

We demonstrate that the thermal expansion behavior of a material can be substantially modified by
the presence of residual stresses. In the case of a composite tube made of two layers of dissimilar
steels,in situ neutron diffraction measurements revealed a significant difference in the coefficients
of thermal expansion along the radial and tangential directions. It is shown that the observed
difference in thermal expansion is due to the change of residual stresses with temperattf99 ©
American Institute of PhysicS0003-695(199)01647-7

Thermal expansion is a fundamental property of a mate- The specimen is a 2.5-in.-0.d. composite tube. The core
rial, arising from the anharmonic vibration of the crystal lat- part of the tubing is SA 210 carbon steel, with the composi-
tice. For a single crystal under no external influence, its cotion 0.18C—0.28Si—0.65Mn—0.006P—0.15S wt %he clad
efficient of thermal expansiofCTE) is compliant with the layer is Sanicro 28, a nickel-based austenitic alloy steel, with
crystal symmetry.For instance, the CTE of a cubic crystal is the composition 0.10C-26.7Cr—30.4Ni—-3.33M0—-36.2Fe—
isotropic along different crystallographic directions. While 0.01Nb—1.06Cu wt%.A cross-sectional view of the speci-
the thermal expansion behaviors of simple materials are relamen is shown in Fig. 1. The geometric dimensions are
tively well understood, there have been continuing studies oF=24.8 mm, b=30.0mm, c=31.8mm, and|=300 mm.
the thermal expansion behaviors of complex materials sysFable | lists the coefficients of thermal expansion and elastic
tems, such as ceramic—ceramic and ceramic—metgdropertie$® for each material comprising the tube specimen.
composite$~* Depending on the microstructure, the overall ~ The neutron diffraction experiment was conducted at the
thermal expansion of a composite material may differ fromHigh Flux Isotope Reactor of Oak Ridge National Labora-
that given by constitutive modefs. tory, using the HB-2 spectrometer modified for residual

In practical applications, thermal expansion is an impor-stress mapping.The specimen was mounted upright and
tant consideration, not only from the thermophysical prop-slits of 1x 30 mnt and 1x 50 mnt were inserted before and
erty point of view but also from the standpoint of the me- after the specimen, which together defined a sampling vol-
chanical behavior of the material. This is because in aime of approximately 30 mm.A heating tape wrapped
fabricated component, differences in thermal expansion bearound the tube specimen provided controlled heating up to
tween constituent materials lead to thermal residual stresse450 °C. Temperatures within the tube were monitored with
which affect the integrity and lifetime of the component.  e€ight thermocouples, four on the inside and four on the out-

The design of replacement materials for composite tubside surfaces, respectively. A rather uniform temperature
ing used in Kraft black liquor recovery boiléf5is a case in  field was achieved with the present experimental setup; the
point. A composite tube is made of a carbon steel core and @aximum difference in temperatures recorded by the ther-
corrosion-resistant clad layer. Because of the thermal expafbocouples was less than 2 °C. Detailed strain measurements
sion mismatch between the carbon steel and clad layers, thetere made in the middle of the carbon steel, using the(Bcc
mal residual stresses are generated as the boiler goes throu) Peak. At each location, diffraction peaks were recorded
operating cycles. Experimental and finite-element studieor two specimen orientations, with the scattering vector par-
have shown that the signs and magnitudes of these residual
stresses are dictated by the difference in GbEtween the
two layers of dissimilar materigland the yield strength of
the clad layef. If the clad layer is in tension, as is the case
for composite tubing currently in use, the boiler is vulnerable
to stress-corrosion cracking, which could lead to grave eco-
nomical consequences and causes safety concerns as well.

Accurate modeling of thermal residual stresses depends
on detailed knowledge of the thermal expansion behaviors of
the constituent materials. We show here that under the influ-
ence of residual stresses, the thermal expansion behavior of a
material may be substantially different from that in the un-

constrained condition. As will be shown below, for samples Phase 1

. . . (carbon steel)
containing type-l or macroresidual stresses, the effective co-
efficient of thermal expansion as measured in a diffraction Phase 2
experiment may benacroscopicallyanisotropic. (Sanicro 28)

FIG. 1. Schematic of a cross-sectional view of the tube specimen used in

¥Electronic mail: wangxl@ornl.gov neutron diffraction measurements.
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TABLE I. Coefficients of thermal expansidm), Young's modulusE), and  whered, denotes the lattice spacing under the unconstrained
Poisson’s ratiqv) for the carbon steel cotand Sanicro 28 clad layér. (stress-frepcondition ande(T) the residual strain at a given

«(30-250 °G E(30°0) temperature. To facilitate the discussions, we reva{fe) as
10 ¢°Cc?t GP 30°C
aorre) Gk w9 e(T)=co+e'(T), &)
Carbon steel core 13.3 207 0.29 . . .
Sanicro 28 clad layer 16.0 195 0.29 where ¢, is the residual strain at room temperature, and

€'(T) is the thermally induced elastic strain such tleat
=0, whenT=T,. By differentiating Eq.(2), the effective
CTE is obtained,

®Reference 7.
PReference 8.

allel to the radial and tangential directions, respectively. The *_ 19d(T) e’
. " . a =a+—, (4)
fitted peak position was then used to calculate the effective Td aT aT

thermal expansion for each orientation, using the foIIowingWhere a=(1/dg)ady(T)/4T is the CTE under the uncon
= (1/dg) dd, -

equation: strained condition. Equatioid) shows that the effective CTE
d(T)—d(Ty) siné(Ty) as measured in a diffraction experiment is modified by the
d(To) = sino(T) (1) thermal stress induced during heating. Moreover, the effec-
tive CTE is macroscopicallyanisotropic(i.e., dependent on
whered is the lattice spacing corresponding to the measuredpecimen directions unless the thermally induced residual
peak, @ is the diffraction angle, andl, is room temperature stress is hydrostatic. For the composite tubing used in this
(~30°0. study,e,(T) in the carbon steel layer is tensile upon heating,
Figure 2 shows the experimentally determined thermabue to the larger CTE of the clad layer, and increases with
expansion for two specimen orientations, with the scatteringemperature. As a consequence;>«. Because of the
vector parallel to radial and tangential directions, respecsmall wall thickness, the radial stress is small throughout the
tively. As can be seen, the effective thermal expansion variefibe® and, therefore, the elastic strain in the radial direction
linearly with temperature. No hysteresis was observed fofs mostly due to the Poisson’s effect. This leads to the ob-
cycling between room temperature and 250 °C, indicatingserveda < «.
that the thermally induced deformation is fully elastic within To further understand the difference betweef and
the temperature range of studsee Ref. 6 and also belgw o, we have carried out an analytical calculation of the
At a given temperature, the effective thermal expansion inhermal residual stresses in composite tubes due to thermal
the tangential directior, is always greater than that in the expansion mismatch. The analytical model is illustrated in
radial directione,. This shows that the effective thermal Fig. 1, in which a cylindrical shell of phase 1 with an inner
expansion, as determined in the present neutron diffractiopadiusa and an outer radius is surrounded by a concentric
experiment, is macroscopically anisotropic. The effectivecylindrical shell of phase 2 with an outer radiasStresses
CTE were determined by fitting the data to stralght lines, andire analyzed for locations away from the ends of the cylin-
the results are aj=13.7<10°C™! and =128 drical shells and the free-end effects are not considered. The
X10"°C™'. These values can be compared with the pubstresses can be determined by the procedure of first allowing
lished CTE for carbon steel, which is 130 6C™ %’ the two phases to exhibit unconstrained thermal strains dur-
The difference invj; anday can be qualltatlvely under- ing the temperature chandeT. Then, the radial tractiomr,,
stood by considering that the measured lattice spacing coris placed at the interfaces=b, and axial tractionsr, , and
tains a temperature-dependent elastic component, i.e., o, are placed on phases 1 and 2, respectively, to restore the
displacement continuity between the two phases. The axial
d(T) =do(T) (1 +&(T)), @ tra(?tions are subjecteo)I/to the requirementpthat the resultant
axial force be zero since no external force is applied on the

€=

4000 P e system. Details of the analysis are reported elsewHdrat
= ®  Radial, heating o r=13.7x10% G the solution for stresses in phase 1 is given below:
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FIG. 2. Effective thermal expansion in carbon steel as a function of temIN EQ- (6), AT=T—Typ, andE anda are the Young’s modu-

perature. The solid lines are linear fits to the experimental data. lus and unconstrained CTE. The subscriptg @nd« denote
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phases 1 and 2, respectiveB,, P,, P3, andP,, are con- posite may also differ from that given by constitutive mod-
stants related ta, b, g andE, v, « of both phases, where els, as illustrated by Hsueh, Becher, and Sun.
is the Poisson’s ratio of the material. Following Hooke’s law, The interaction of residual stress and thermal expansion

the elastic strains in phase 1 were obtained, in a material has significant implications in practical appli-
cations. From a materials design point of view, the reliability
1+ = + + . . ’
e _(Atvosmvi(ont ot o) , (7)  of finite-element models that simulate the thermal-
' S mechanical behavior of a material depends on the accuracy
wherej=r, 6, andz of the CTE used in the models. As noted earlier, the experi-

From Egs.(5)—(7), it can be seen that the thermally in- mentally determined CTE may be substantially different
duced elastic strains are proportional dg, which varies from that in the unconstrained condition. A small deviation
linearly with T. This explains why the effective thermal ex- in the CTE of one phase could lead to a large error in the
pansion shown in Fig. 2 remains linear with temperaturecalculation of the CTE mismatch, which usually determines
Substituting Eq(7) into Eq. (4) and using the parameters in the thermal stress in the materials system. The complexity
Table I, the contribution by thermal stress towards the effecresulting from interaction between residual stress and ther-
tive CTE was determined. For middepth in the carbon steelnal expansion also brings about, potentially, a new method
where the neutron diffraction measurements were maden residual stress determination. As can be seen from@gs.
these contributions are —0.5x10°% c! 0.6 and(7), by comparing the experimentally determined CTE
x1078 C™1, and 0.7%10°® C !, respectively, along for various specimen orientations with that in the uncon-
radial, tangential, and axial directions. Adding to the pub-strained condition, it should be possible to derive informa-
lished value fora, (see Table ), we obtain the effective tion about the residual stresses in the material. This method
CTE in the carbon steelw;,=12.8x107% C%, aj, can become particularly useful when a stress-free specimen
=13.9x10°% C'1, and «],=14.0x10® C™1. The required in conventional neutron diffraction measurements
calculated values of}, ande} , are in excellent agreement cannot be made. Of course, to apply this method, the uncon-
with the experimental data. With a similar analysis, it can bestrained CTE must be known in advance.
shown that the effective CTE in the clad layer is also aniso-  In summary, the influence of residual stress on thermal
tropic, but with an inverse anisotropy in the sense sy  €Xpansion behavior was demonstrated with a composite tube
=a3},<a}, . This prediction was confirmed by subsequentmade of two layers of dissilmilar steels. The presence of a
neutron diffraction measurements in the clad layer of a simifemperature-dependent residual stress causes the effective
larly prepared composite tubé. coefficients of thermal expansion to be significantly different
The example discussed in this letter illustrates the influ@long different specimen directions. Particular care must be
ence of residual stress on the thermal expansion behavior &ken when interpreting the experimental results from ther-
a material. This phenomenon is ubiquitous in all materialgNal expansion measurements.
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